Introduction {#Sec1}
============

In recent years, a variety of novel compounds have shown a survival benefit in castration-resistant prostate cancer (CRPC) including the novel taxane cabazitaxel, sipuleucel-T, radium-223 chloride (alpharadin), the androgen biosynthesis inhibitor abiraterone acetate, and the androgen receptor inhibitor enzalutamide \[[@CR1]--[@CR3]\]. Further androgen receptor and androgen biosynthesis inhibitors, immune-modulating compounds (PROSTVAC-VF), as well as angiogenesis inhibitors (thalidomide, lenalidomine, tasquinimod) and orteronel (TAK-700) are currently being investigated \[[@CR2]\]. The availability of these new therapeutic approaches has made it possible to explore the use of sequential treatment regimens in an attempt to balance the risks and benefits of novel compounds for individual CRPC patients.

We report here the findings of a Phase II, single-arm, multicenter trial in which CRPC patients received a combination of agents with concerted biomodulatory activity, but poor monoactivity. This combined biomodulatory approach aims at targeting rationalizations of particular hallmarks that means the physical organization of cancer \[[@CR4]\], such as tumor-associated inflammation, angiogenesis and immune response. Each of these is highly relevant in prostate cancer: inflammation plays a crucial role in its pathogenesis \[[@CR5]\], tumor-associated angiogenesis is obligate, and prostate cancer is known to be a principally immunogenic tumor \[[@CR6]\]. In addition, the current regimen targets the contribution made by osteoblasts to tumor growth in CRPC since osteoblastic metastases make up up to 80 % of the organ metastases in prostate cancer \[[@CR7]\]. The aim of the multi-targeted treatment approach is to modulate and redirect the function of tumor and stroma cells via ubiquitous, non-oncogene addicted targets, similar to a recently published trial \[[@CR8]\]. The present trial combines the PDGFR inhibitor (imatinib) \[[@CR9], [@CR10]\] as antiangiogenic \[[@CR11]\] component with the PPARalpha/gamma receptor agonist (pioglitazone) \[[@CR12]--[@CR15]\] and the glucocorticoid receptor agonist (dexamethasone) \[[@CR16]--[@CR19]\] as epigenetically modeling drugs with anti-inflammatory and anti-osteoblastic activity, and the cyclooxygenase-2 inhibitor (etoricoxib) \[[@CR20]\] as anti-inflammatory component. Such biomodulatory effects are coupled with the pleiotropic immunomodulatory and angiostatic activity of metronomic low-dose chemotherapy using treosulfan, via regulatory T-cells and thrombospondin-1, respectively \[[@CR21]\]. Two of the study drugs, dexamethasone \[[@CR16]--[@CR19]\] and metronomic low-dose chemotherapy with alkylating agents \[[@CR21]--[@CR24]\] have previously shown monoactivity in CRPC. Others have demonstrated activity in in vitro or animal models, but failed to induce a response in vivo (pioglitazone \[[@CR13]\]) or to improve the response when added to taxotere (imatinib \[[@CR10]\]).

Patients and Methods {#Sec2}
====================

Study Design and Conduct {#Sec3}
------------------------

This was a single-arm, open-label, six-month Phase II study undertaken at 11 German centers in which CRPC patients received imatinib mesylate, pioglitazone, etoricoxib, treosulfan and dexamethasone until progression of prostate-specific antigen (PSA) (Fig. [1](#Fig1){ref-type="fig"}). For the drug combination, no data about potential drug-drug interactions concerning side effects are available. At the end of the core six-month study, patients with a PSA decrease ≥30 % from baseline and 24 weeks of treatment without any signs of disease progression were followed until disease progression or intolerable toxicity occurred. The study protocol was approved by the institutional review board of the participating centers and by the health authorities and written informed consent from patients was obtained before enrollment.Fig. 1Study design including the main inclusion and exclusion criteria. *ECOG* Eastern cooperative oncology group performance status, *CRPC* Castration-resistant prostate cancer, *PSA* Prostate-specific antigen, *AE* Adverse event, *SAE* Serious adverse event

The trial was sponsored by Novartis Pharma GmbH and registered at ClinicalTrials.gov (NCT: NCT00427999).

Study Population {#Sec4}
----------------

Male patients ≥18 years who had histologically confirmed prostate cancer with proven progression after androgen deprivation therapy (surgical or medical castration) were eligible. Patients were required to have total serum testosterone \<1.72 nmol/L (50 ng/dL) and to be castration-resistant, defined as three consecutive elevated (≥50 % above nadir) serum PSA tests separated by at least 2 weeks, with the last two PSA measurements ≥5.0 ng/mL despite secondary hormonal manipulations (according to European Association of Urology (EAU) guidelines) \[[@CR25]\]. Additional inclusion criteria were Eastern Cooperative Oncology Group (ECOG) performance status ≤2, adequate hematological status (defined as absolute neutrophil count \>1,500/mm^3^, platelet count \>75,000/mm^3^), normal hepatic, renal and cardiac function, and a life expectancy of at least 6 months.

Key exclusion criteria included prior use of chemotherapy, prior treatment with imatinib or other tyrosine kinase inhibitors, concomitant therapy with other tumor treatments except for LHRH agonists, concomitant warfarin, phenprocoumon or other oral anticoagulant treatment, radiotherapy of \>25 % of the bone marrow, systemic radioisotope therapy, uncontrolled brain metastases, regular blood transfusions, and previous secondary malignant disease within the past 5 years. Patients with the following comorbidities were excluded: symptomatic congestive heart failure, unstable angina or recent myocardial infarction, uncontrolled diabetes, chronic hepatic or renal disease, active uncontrolled infection, chronic inflammatory intestinal disease, autoimmune disease or a known diagnosis of HIV, hepatitis B or C infection.

Intervention {#Sec5}
------------

Eligible patients received oral daily doses of imatinib mesylate (400 mg daily), pioglitazone (60 mg daily), etoricoxib (60 mg daily), treosulfan (250 mg twice daily) and dexamethasone (1 mg daily) until PSA progression. Patients with PSA progression were switched to a dose of 400 mg imatinib twice daily and at the same time treosulfan was reduced to 250 mg daily; if further progression occurred, patients were withdrawn from the study. Dose reductions were permitted for intolerable non-hematologic or hematologic grade 2 toxicity or any grade 3 or 4 toxicity. Depending on the kind of toxicity, the dose of one of the study drugs was reduced at the investigator's discretion. The minimum required medication was a combination of treosulfan 250 mg daily and one biomodulator (etoricoxib or pioglitazone or imatinib mesylate) and dexamethasone following a 4 week interruption due to Grade 2/3/4 toxicity. Study medication was restarted after the toxicity of the respective drug(s) had resolved or improved to less than grade 2 or less than grade 3, depending on the toxicity and respective drug. If toxicity recurred despite dose reduction(s), the relevant drug was withdrawn. Dose reductions, if required, were specified as follows: reduced dose for imatinib depending on dose and toxicity grade (between 200 and 600 mg/day), 60 mg every second day for etoricoxib, 45 mg/day for pioglitazone, 0.5 mg/day for dexamethasone and 250 mg/day for treosulfan. Study withdrawal was to take place, if medication could not be maintained at a minimum of treosulfan 250 mg/day plus one biomodulator (etoricoxib, or pioglitazone or imatinib) plus dexamethasone following a four-week interruption due to grade 2--4 toxicity. Patients were also to discontinue the study if they refused to continue therapy, or in response to protocol violations or administrative problems. Concomitant use of bisphosphonates was allowed.

Evaluation {#Sec6}
----------

During the screening all patients underwent imaging by CT, MRI, or plain radiography as necessary to confirm metastatic sites (only assessed if performed in clinical routine). A radioisotope bone scan was performed in patients with bone metastases. Pre-treatment evaluations included medical history, ECOG performance status, vital signs, physical examination, electrocardiogram, laboratory screening including PSA and testosterone levels, coagulation assessment, urinalysis, electrocardiography and assessment of quality of life (EORTC-30 questionnaire \[[@CR26]\]). During the six-month core study, PSA values, ECOG performance status and quality of life were assessed monthly. Physical examination, vital signs and blood tests were performed after 1, 2, 4, 8, 12 and 16 weeks, coagulation was measured after 4 weeks, and subsequently if clinically indicated. Urinalysis and imaging by CT, MRI, plain radiography or bone scanning were performed as clinically indicated. At the final visit of the core study, ECOG performance status, vital signs and concomitant medication/therapies were recorded, and physical examination, laboratory screening including PSA, coagulation and urinalysis, quality of life assessment and imaging (if clinically indicated) were performed. Adverse events were monitored throughout the study and were graded according to the National Cancer Institute Common Terminology Criteria for adverse events (version 3.0).

Study Endpoints {#Sec7}
---------------

The primary endpoint was PSA response, defined as a reduction in serum PSA ≥50 % in patients compared to baseline value that was confirmed by a second PSA value 3--4 weeks later \[[@CR25]\]. According to Kelly et al., assessment of PSA response is a reliable tool to analyze therapy success and is in line with the results of radiologic assessment \[[@CR27]\]. Patients not fulfilling these criteria were defined as PSA non-responders and were categorized as having PSA progression or stable disease. PSA progression was defined as a PSA increase of at least 50 % over baseline or an increase of at least 25 % over baseline with an absolute PSA increase of 5 ng/L, which had to be confirmed 3 to 4 weeks later. PSA non-responders were considered to have stable disease, if they did not meet the criteria for progressive disease \[[@CR25]\].

Secondary endpoints included the time to PSA response (defined as the time from first administration of study drugs to the first confirmed PSA response), progression-free survival (defined as the time from first administration of study drugs to the first date of PSA progression), overall survival during the extension phase of the study, quality of life including pain response, and safety and tolerability of the combined therapy.

Statistical Analysis {#Sec8}
--------------------

The sample size calculation estimated that 46 evaluable patients would be required to distinguish between the two rates 40 % (*p*~*1*~) and 25 % (*p*~*0*~) with a one-sided alpha of 10 % and 80 % power, and assuming a 20 % dropout rate \[[@CR28]\]. The estimate of a 25 % PSA response rate to glucocorticoid therapy is also retrospectively justified by the 24 % PSA response rate for prednisone in a randomized phase III trial for asymptomatic or weakly symptomatic patients with CRPC \[[@CR1]\]. Sample size was estimated based on exact binomial probabilities. The first design (and hence the lowest number) which satisfied the design criteria (alpha and power constraints) was chosen. Assuming a 20 % dropout rate, 58 patients had thus to be included in the trial to achieve 46 evaluable patients.

The intent-to-treat (ITT) population was defined as patients who received at least one dose of all medications and had two available consecutive post-baseline PSA values. The number of PSA responders is presented with the corresponding 90 % confidence interval for ITT population. The median times for PSA response and PFS were calculated for the ITT population. Non-responders were censored with the date of final visit or premature discontinuation. Data on quality of life are presented descriptively.

Progression free survival as well as overall survival were estimated with the Kaplan-Meier method.

Results {#Sec9}
=======

Patients {#Sec10}
--------

Between February 2007 and October 2009, 65 patients received at least one treatment with study medication. As shown in Fig. [2](#Fig2){ref-type="fig"}, 61 patients provided two consecutive PSA values and could therefore be included in the ITT population, whereas 4 patients left the study before two consecutive PSA values were measured (rejection of informed consent (3 pts), unsatisfactory therapeutic effect (1 pt)). Thirty-two discontinued the study prematurely, most frequently due to disease progression (*n* = 13), consent withdrawal (*n* = 9) or withdrawal of medication due to side effects (*n* = 6). The mean time on study in the core phase was 141 days, and the mean duration of at least minimal therapy was 121 days. Eighteen patients entered the extension phase, which is still ongoing. One patient has been followed since June 2008 without disease progression or intolerable toxicity. Mean PSA at baseline was 45.3 ng/mL, with values ranging from 5 to 3603 ng/mL. Approximately 78 % of patients had bone metastasis, 34 % had measurable lymph node involvement, and 8 % had measurable organ involvement (Table [1](#Tab1){ref-type="table"}). In total, 77 % of patients had a PSA doubling time of less than 3 months.Fig. 2Proportion of patients discontinuing study drug. 1 patient is still ongoing (at the time of manuscript submission, Oct 2014). *Pts* Patients, *PSA* Prostate-specific antigenTable 1Patient demographics and clinical characteristics (ITT population, *N* = 61)Age, mean (range)67 (50--83)PSA at baseline, mean (range) (ng/mL)45.3 (5--3603)ECOG performance status ECOG 0, N (%)49 (80.3) ECOG 1, N (%)11 (18.0) ECOG 2, N, (%)1 (1.6)Previous therapy, N (%) Prostatectomy22 (36.1) Radiation35 (57.4) Hormone therapy61 (100)Metastases at baseline, N (%) Bone metastases only33 (54.1)Bone metastases + lung/liver2 (3.3) + lung1 (1.6) + liver2 (3.3) + nodes13 (21.3) Nodes only6 (9.8) Locally advanced disease4 (6.6)*ITT* Intent-to-treat, *PSA* Prostate-specific antigen, *ECOG* Eastern cooperative oncology group performance status

PSA Response {#Sec11}
------------

PSA response occurred in 23 patients (37.7 %, 90 % CI, 27.5, 47.9). Among responders, PSA decreased in average from 278.9 ± 784.1 ng/mL at baseline to 8.8 ± 11.6 ng/mL at their last visit. The remaining 38 patients (62.3 %, 90 % Cl, 52.1, 72.5) were considered PSA non-responders, of whom 14 patients (14/61, 23.0 %) showed stable disease. Altogether, 37 patients (60.6 %) responded or had stable PSA levels during the study. In total, 26 patients (42.6 %) had a PSA decline ≥50 % and further 12 patients (19.6 %) had PSA reduction \<50 % during the six-month core study. PSA reduction \>50 % was also observed in five patients with a baseline PSA doubling time \<3 months. Figure [3](#Fig3){ref-type="fig"} presents PSA changes by patient from baseline. Twelve patients received an increase in imatinib dose from 400 to 800 mg due to PSA progression, but this did not lead to an improved PSA response. PSA response occurred independent of the presence of distant metastases and the metastatic site. Although 77 % of patients required some type of dose modification or temporary interruption of study drug according to non-hematologic or hematologic toxicities, over 60 % of the population showed either a PSA response or maintained a stable disease outcome.Fig. 3PSA change during therapy. **a** Maximal PSA reduction compared to baseline for patients with PSA response, with stable disease and PSA progress. **b** the PSA change from baseline or LOCF. Patients with PSA response: *black bars*, patients with stable disease: *grey bars*, patients with PSA progress: *white bars. PSA* Prostate-specific antigen, *LOCF* Last observation carried forward, \*Patients who entered the expansion phase of the study

Secondary Endpoints {#Sec12}
-------------------

At one center bone scans were systematically performed on a routine basis. A marked reduction or complete regression of bone lesions could be observed in 6 out of 16 patients (follow-up bone scans did not belong to routine diagnostic investigations according to protocol). Figure [4](#Fig4){ref-type="fig"} shows an example of a patient who experienced a steep decrease of PSA level (from 2137 to 0.73 ng/mL at month 12) accompanied by an impressive improvement in bone lesions. Two patients with extensive lymphatic metastases showed calcifications in lymph node tissue and partial remission according to RECIST criteria. Quality of life assessment showed that social, emotional, pain and physical function scores remained stable throughout the core phase of the study (Fig. [5](#Fig5){ref-type="fig"}). Median progression-free survival was 467 days, median overall survival has not been achieved yet (Fig. [6](#Fig6){ref-type="fig"}).Fig. 4Resolution of bone lesions and evolution of PSA in an 80-year old patient. Bone lesions **a** before and **b** 12 months after therapy. **c** PSA level over time. *PSA* Prostate-specific antigenFig. 5Quality of life: Emotional, social, physical and pain scores per visit. Emotional: *squares*, social: *triangle*, physical: *circle*, pain: *N/N* missing indicates the number of values/number of missing valuesFig. 6Median progression-free survival (**a**) and overall survival (**b**). *Circle* Censored observation

Safety {#Sec13}
------

All 65 patients experienced one or more adverse event (Table [2](#Tab2){ref-type="table"}). The majority of adverse events, 97.1 % (*n* = 920) did not necessitate to permanently discontinue study medication. Of the 947 adverse events, 57.6 % (*n* = 545) were suspected to be drug-related, 13.8 % (*n* = 131) led to dose adjustment or temporary interruption, 2.9 % (*n* = 27) led to permanent discontinuation and 40.2 % (*n* = 381) required concomitant medication or non-drug therapy. The most frequently reported drug-related adverse events were peripheral edema (56.9 %), nausea (38.5 %), edema (36.9 %), fatigue (35.4 %), dyspnea (35.4 %), anemia (33.8 %), leukopenia (29.2 %), diarrhea (23.1 %), vomiting (23.1 %), facial edema (23.1 %), muscle spasms (21.5 %) and increased weight (21.5 %). The most frequently reported adverse events irrespective of relation to any study drug are depicted in Table [2](#Tab2){ref-type="table"}. In total, 98 serious adverse events were reported in 27 patients (41.5 %), of which 32 events in 14 patients were drug-related and led to permanent study drug discontinuation in five cases. The most frequent drug-related serious adverse events were general disorders and administration site conditions (7.7 %), blood and lymphatic system disorders (6.2 %), infections and infestations (4.6 %), nervous system disorders (4.6 %) and gastrointestinal disorders (3.1 %). Four patients (6.2 %) died during the core study as a result of tumor progression (1), acute respiratory insufficiency due to progression of prostate cancer (1), acute respiratory distress syndrome due to pneumonia (1) and cardiac arrest and pulmonary arrest (1) due to extended pulmonary metastatic disease. All deaths were not related to study drugs. Table 2Adverse events and serious adverse eventsPatients\
N (%)AE\
N (%)All adverse events65 (100)947 (100) With suspected relation to study drug64 (98.5)545 (57.6) Leading to dose adjustment or temporary interruption50 (76.9)131 (13.8) Leading to permanent discontinuation15 (23.1)27 (2.9) Requiring concomitant medication/non-drug therapy62 (95.4)381 (40.2)All serious adverse events27 (41.5)98 (10.3) Deaths4 (6.2) With suspected relation to study drug14 (21.5)32 (3.4) Leading to permanent discontinuation5 (7.7)11 (1.2)Patients\
N (%)Frequent adverse events (\>20 %)^a^All gradesGrade ≥3 Peripheral edema38 (58.5)1 (1.5) Nausea30 (46.2)3 (4.6) Fatigue29 (44,6)8 (12.3) Diarrhea29 (44.6)0 (0.0) Dyspnea26 (40.0)5 (6.2) Edema25 (38.5)0 (0.0) Anemia24 (36.9)4 (6.2) Leukopenia20 (30.8)5 (7.7) Vomiting19 (29.2)2 (3.1) Muscle cramps16 (24.6)1 (1.5) Facial edema15 (23.1)2 (3.1) Increased weight14 (21.5)0 (0.0) Increased blood lactate dehydrogenase14 (21.5)1 (1.5)^a^ Irrespective of relation to study drug

Discussion {#Sec14}
==========

Results of this Phase II study suggest that a multi-track therapy approach with the oral biomodulatory active drugs imatinib, treosulfan, etoricoxib, pioglitazone and dexamethasone induces PSA responses of ≥50 % in almost 40 % of patients when used as first-line therapy for mostly rapidly progressing CRPC (77 % \<3 months PSA doubling time at base-line). This response rate is comparable with that achieved using standard chemotherapy such as docetaxel (45 %) or mitoxantrone (32 %) \[[@CR28]\], and presumably much higher than in 'low-risk' patients receiving glucocorticoids only, particularly dexamethasone (up to \>30 %) \[[@CR16]--[@CR19]\]. Phase II trials using abiraterone achieved PSA response rates between 11 and 67 %, again indicating that response depends on disease characteristics of included patients \[[@CR1], [@CR29]--[@CR31]\]. The fact that median overall survival has not been achieved after more than 3 years, that long-term tumor control is possible in rapidly progressing CRPC, and that resolution of skeletal lesions may be observed, indicates a novel therapeutic quality of the present biomodulatory approach in comparison to available therapeutic strategies.

Moreover, encouraging findings of the present trial are a low rate of acute toxicity of the study regimen: the observation of 48 % cumulative grade 3 and 4 toxicities is comparable with those of abiraterone \[[@CR1]\]. No drug-related life threatening toxicities have been observed. The tolerability of the regimen is indicated by patient-reported outcomes (quality of life assessments): Early protocol-led dose reductions in response to toxicity -- already in case of ≥ grade 2 toxicities - allowed the regimen to be continued over an extended period (\>5 years). In contrast to abiraterone which is approved for asymptomatic or less symptomatic patients, the studied approach may rescue patients with rapidly progressive disease (Fig. [5](#Fig5){ref-type="fig"}). These findings raise the possibility that this biomodulatory strategy could achieve long-term tumor control with a very low tumor burden irrespectively of the tumor dynamics at baseline.

Previous Phase II trials have shown that glucocorticoid daily or metronomic low-dose cyclophosphamide, or combinations, can achieve a PSA response between 7 and 69 % of patients \[[@CR16]--[@CR19], [@CR23], [@CR24]\]. However, the novel regimen used in the current study may induce an objective response even in patients with rapid PSA doubling times (a majority of patients in the present study population) and extensive metastatic load. In addition, a marked reduction or nearly complete disappearance of bone lesions was observed in bone scans at one center in 6 of 16 patients. Among these patients, two patients showed tumor necrosis with long-term tumor control at a low tumor burden.

This therapeutic schedule included a classic cytotoxic agent at metronomic dose levels, thus avoiding the drug-related toxicities of standard chemotherapy regimens \[[@CR28], [@CR32]\]. Although all patients experienced at least one adverse event, drug-related toxicities were generally manageable after prompt dose modifications for events of toxicity. These changes did not appear to markedly limit the efficacy of the regimen. Although 77 % of patients required some type of dose modification or a temporary interruption of study drug, over 60 % of the population showed either a PSA response or maintained a stable disease course. In addition, quality of life was maintained throughout the study and seems to compare with abiraterone \[[@CR1]\].

The concerted biomodulatory activity of metronomic low-dose chemotherapy and other biomodulators has been demonstrated previously \[[@CR8], [@CR21], [@CR24]\]. Using a similar therapeutic strategy combining etoricoxib, pioglitazone, dexamethasone and metronomically administered capecitabine following first-line chemotherapy, a high PSA response rate was observed (41 %), which was superior to that seen with standard-dose capecitabine alone in historical controls (12 %) \[[@CR33]\]. In biomodulatory regimens, the activity of any single drug cannot be defined, since monoactivity is not a prerequisite for concerted activity. Monitoring of biomodulatory activity requires serum analytics of the secretome derived from specific cellular compartments in the tumor, and could provide novel functional signatures \[[@CR34]\]. Such an analysis would be necessary to determine which components of the cocktail are redundant or essential, and which have additive or synergistic effects, and may also provide clues for the repurposing of drugs and establishing adaptive trial designs \[[@CR35], [@CR36]\].

The central therapeutic problem of tumor heterogeneity, particularly in CRPC \[[@CR37]\], may be addressed by targeting selected 'hallmarks' of cancer. The rational for targeting single hallmarks of cancer with a biomodulatory therapy approach was driven by the growing knowledge and a better understanding of the biological interrelationships between cancer cells and their environmental stromal and inflammatory cells. Promising clinical data and a favorable toxicity profile indicate that combined modularized therapies need to be explored further, especially for the large and expanding group of elderly and frail patients \[[@CR38], [@CR39]\].

The authors want to dedicate this manuscript to Prof. Dr. Isaac Witz, who rendered abundant merits in enhancing knowledge about the interrelationship between cancer cells and the environmental stromal and inflammatory cells. Such knowledge was the prerequisite for promoting biomodulatory therapies in metastatic tumors.
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